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Bulk inversion asymmetry (BIA) of III-V and II-VI semiconductor quantum wells is demonstrated
by reflection experiments in magnetic field oriented in the structure plane. The linear in the magnetic
field contribution to the reflection coefficients is measured at oblique incidence of s and p polarized
light in vicinity of exciton resonances. We demonstrate that this contribution to the reflection is
caused by magnetogyrotropy of quantum wells, i.e. by the terms in the optical response which
are linear in both the magnetic field strength and light wavevector. Theory of magnetogyrotropic
effects in light reflection is developed with account for linear in momentum BIA induced terms
in the electron and hole effective Hamiltonians. Theoretical estimates agree with the experimental
findings. We have found the electron BIA splitting constant in both GaAs and CdTe based quantum
wells is about three times smaller than that for heavy holes.
I. INTRODUCTION
In low-symmetry semiconductor quantum wells
(QWs), various remarkable effects are present which are
absent in bulk semiconductors and symmetric structures.
The examples are spin-dependent phenomena, e.g. elec-
trical spin orientation, conversion of nonequilibrium spin
into electric current, electric-field induced spin rotations,
as well as nonlinear optical effects like photogalvanics,
for a review see Ref. [1]. These effects are symmetry-
allowed in gyrotropic systems where some components
of vectors (e.g. electric current) and pseudovectors
(spin, magnetic field) transform identically under point
symmetry operations [2]. The sources of gyrotropy are
the bulk and the structure inversion asymmetries present
in most of QW structures grown from III-V or II-VI
semiconductors. The Structure Inversion Asymmetry
(SIA) is present if the QW has different barrier materials
or an electric field removes symmetry in the growth
direction. Bulk Inversion Asymmetry (BIA) is present
even in QWs with symmetric heteropotential. BIA is
caused by an absence of inversion center in the bulk
material forming the QW layer. The most popular
(001) QWs have the point symmetry group D2d which
is gyrotropic, and the BIA-induced effects are studied
intensively [3].
Gyrotropy manifests itself in optics, and a powerful
tool for its study is light reflection experiments. In par-
ticular, gyrotropy results in conversion of light polar-
ization state at reflection. In QWs, an equivalence of
the in-plane components of the photon momentum to an
effective magnetic field result in natural optical activ-
ity [4]. The new group of phenomena called magneto-
gyrotropic effects take place in the presence of an exter-
nal magnetic field [5, 6]. Magnetogyrotropy means the
terms in the optical response which are linear in both
the magnetic field strength and the photon wavevector.
The magnetogyrotropy is absent in centrosymmetric sys-
tems, and in QWs it also stems from inversion asym-
metry. The SIA induced magnetogyrotropy has been
demonstrated recently in reflection experiments [7]. The
combination of SIA and magnetic field result in interest-
ing phenomena in light emission which are greatly en-
hanced in semimagnetic QWs with grating [8]. However,
for the study of these effects, special asymmetric design
of QWs and hybrid plasmonic structures has been used
in Refs. [7, 8]. By contrast, the BIA-induced magneto-
gyrotropy does not require special technological efforts.
In the present work we use the fact that any QW grown
from GaAs or CdTe is gyrotropic due to BIA, and demon-
strate the BIA-induced magnetogyrotropy effects. We in-
vestigate reflection from QWs in vicinity of exciton res-
onances where the magnetogyrotropic effects are greatly
enhanced.
Symmetry analysis allows us to choose a proper ori-
entation of magnetic field and light incidence plane for
study of the BIA contribution to light reflection. For this
purpose we find the BIA contribution bilinear in both the
photon wavevector q and magnetic field B to the non-
local dielectric susceptibility tensor χˆ. For (001) QWs
(point symmetry group D2d), symmetry analysis and the
Onsager principle yield the following magnetogyrotropic
contributions to the susceptibility
χxx ± χyy = T±(qxBx ∓ qyBy),
χxy = χyx = T (qyBx − qxBy). (1)
Here x, y are 〈100〉 axes in the QW plane, and T , T+, T−
are three linearly-independent functions which will be
found below.
In experiments, magnetogyrotropy manifests itself as
an additional birefringence caused by both the magnetic
fieldB and light wavevector q. These magnetogyrotropic
contributions can be probed in reflection experiments.
By contrast, the pure B-linear terms in the reflection
are forbidden by the time-inversion symmetry. It follows
from Eq. (1) that the reflection coefficients at oblique
incidence acquire the contributions linear in both q and
B for s and p polarized light
∆r ∝ q‖B‖, (2)
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2where symbol ‖ denotes projections onto the QW plane.
This relation holds for incidence plane oriented along
〈100〉 crystallographic directions. Equation (2) demon-
strates that in the B-linear contribution to the reflection
coefficient is present due to BIA if the magnetic field lies
in the light incidence plane. We note that the contribu-
tion caused by SIA is absent in this geometry. For its
observation the magnetic field should be oriented per-
pendicular to the incidence plane [7]. This allows us to
study pure BIA magnetogyrotropic effect by choosing the
geometry B ‖ q‖.
The paper is organized as follows. In Sec. II we de-
scribe our experiments and deduce the size of the mag-
netogyrotropy signal for studied QWs. In Sec. III, the mi-
croscopic theory accounting for BIA terms in the electron
and hole effective Hamiltonians is developed allowing for
finding the magnetoinduced correction to the reflection
coefficient. In Sec. IV we compare experimental results
with theory and estimate the electron and hole BIA spin-
splittings. Concluding remarks are given in Sec. V.
II. EXPERIMENT
For experimental investigation of BIA-induced magne-
togyrotropic effects we studied CdTe- and GaAs based
samples with single (001) QWs, Fig. 1(a). A trian-
gular GaAs/AlGaAs QW was grown by the molecular
beam epitaxy method on a semi-insulating substrate.
The structure contains a 200 nm wide Al0.28Ga0.72As
barrier followed by the 8 nm wide QW. Then the
other sloping barrier was grown with Al concentra-
tion smoothly increasing from 4 % to 28 % on a
layer of width 27 nm. The rectangular 8 nm wide
Cd0.9Zn0.1Te/CdTe/Cd0.4Mg0.6Te QW with 90 nm wide
barriers was grown on a buffer layer to a Cd0.96Zn0.04Te
substrate. The design of both structures is identical to
that of the samples used in Ref. [7].
Magnetic field was oriented in the QW plane. The
magnetic field up to 1 T was produced by the electro-
magnet with a ferromagnetic core. Experiment was per-
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FIG. 1. Left: Experimental geometry. The magnetic field B
lies the plane of the QW and the light incidence plane con-
tains B. Right: Reflectance spectrum measured from CdTe
asymmetric heterostructure in the vicinity of the Xhh reso-
nance.
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FIG. 2. Signal D, Eq. (3), for p polarized incident light re-
flected from CdTe sample in the vicinity of the Xhh resonance
at magnetic fields B = 0.05 T and B = 0.95 T. The arrow
indicates the signal amplitude A plotted in Fig. 3.
formed at temperature T = 3 K in closed cycle helium
cryostat which was located in the core gap. The geometry
of electromagnet and cryostat allowed for oblique light in-
cidence. We measured polarization of the reflected light
at oblique incidence with the incidence angle θ0 = 27
◦.
A halogen lamp was used as a light source for reflec-
tion measurements. Lenses and slits formed parallel light
beam. Glan-Taylor prisms produced linearly polariza-
tion. Excitation was linearly polarized in the plane of
incidence (p polarization) and perpendicular to the in-
cidence plane (s polarization). Spectral dependencies of
the reflected light were registered by a CCD camera con-
joined with a monochromator. Strong exciton resonances
are present in experimental data for both samples. As an
example, the reflection spectrum is shown in Fig. 1(b) for
CdTe QW structure. The heavy-hole exciton resonance
Xhh is clearly seen.
We measured the polarization components of the re-
flected light in magnetic fields from −1 T to +1 T. We
used both s and p polarized light and detected the reflec-
tion coefficients rs,p. We analyzed the odd in B contri-
bution to reflection:
D =
r(B)− r(−B)
r(B) + r(−B) . (3)
The spectra D(ω) for CdTe QW are plotted in Fig. 2 for
p polarization. In order to quantify the effect of magnetic
field we determine the amplitude A from each reflection
spectrum. The dependencies of the amplitudes on the
magnetic field strength are shown in Fig. 3. The depen-
dencies A(B) are linear up to B = 0.75 T. The amplitude
is larger for p polarization.
We performed the same studies on the sample with
the GaAs QW. The spectra D(ω) for five values of the
magnetic field are shown in Fig. 4. Increase of the signal
amplitude is clearly seen. The dependence of the ampli-
tude A on the magnetic field is shown in Fig. 5 for both
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FIG. 3. Magnetic field dependencies of the signal amplitudes
defined in Fig. 2 for s and p polarized incident light for the
CdTe sample. The lines are guides for eyes.
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FIG. 4. The signal for p polarized incident light reflected from
GaAs/AlGaAs asymmetric heterostructure at T = 3 K. The
heavy-hole and light-hole exciton resonances are indicated.
s- and p polarization of incident light.
To summarize the experimental part, the amplitudes
of the B-linear contribution to the reflection coefficients
in the CdTe QWs are equal to 2.8 × 10−3B T−1 and
1.5 × 10−3B T−1 for p and s polarization, respectively.
For GaAs structure, the amplitudes are 1.5×10−3B T−1
and 0.75× 10−3B T−1.
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FIG. 5. Magnetic field dependencies of the signal amplitudes
for the GaAs/AlGaAs sample. The amplitudes are defined as
in Fig. 2 for s- and p polarized light.
III. THEORY
With account for the nondiagonal terms of the Lut-
tinger effective Hamiltonian [9], the heavy-hole wavefunc-
tions in QWs at B = 0 have the form
ΨB=0hh1,±3/2 = φhh1(z)u±3/2∓
γ3~2
m0
∑
n
{kzk±}φlhn(z)
Ehh1 − Elhn u±1/2.
(4)
Here k is the hole wavevector, k± = kx ± iky, {. . .} de-
notes the anticommutator, φhh1 and φlhn are the func-
tions of size quantization of corresponding levels of heavy
and light holes, Ehh1 and Elhn are their energies, γ3 is
the Luttinger parameter, and uµ are the Bloch ampli-
tudes for the states of the top of the valence band.
In magnetic fieldB ⊥ z, we choose the vector potential
A = z(By,−Bx, 0), and the Peierls substitution yields
k± → k± ∓ izB±e/(~c). Therefore we obtain the B‖-
dependent wavefunction
ΨBhh1,±3/2 = φhh1(z)u±3/2 +B±F (z)u±1/2 ≡ |h,∓1/2〉 ,
(5)
where
F (z) =
γ3e~
m0c
∑
n
{ikzz}φlhn(z)
Ehh1 − Elhn . (6)
The matrix elements of exciton creation are
e · de,s;h,m = 〈e, s|e · dˆ|K(h,m)〉 where e is the light
polarization vector, dˆ is the dipole momentum operator,
and K = iσyK0 is the time inversion operator with K0
being the complex conjugation operation. Here s = ±1/2
4and m = ±1/2 enumerates the spin-degenerate states
in the conduction and valence bands, respectively. As
a result of the magnetic field induced mixing of the
hole states, Eq. (5), all four optical transitions become
allowed. The matrix elements of the components of
the dipole momentum operator e · de,s;h,m in the basis
e,±1/2, h,±1/2 are given by
e · d = d⊥
(
e+ + 2ζB+ez −e−ζB−
−e+ζB+ e− − 2ζB+ez
)
. (7)
Here d⊥ = iepcv 〈e1|hh1〉 /(m0ω0
√
2), pcv and ω0 are the
interband momentum matrix element and the exciton fre-
quency, respectively, and the parameter ζ is given by
ζ =
〈e1|F (z)〉
〈e1|hh1〉 =
γ3e~
m0c
√
3 〈e1|hh1〉
∑
n
〈e1|{ikzz}|lhn〉
Ehh1 − Elhn .
(8)
Here summation is performed over the light-hole states
with even envelopes (n = 1, 3, 5 . . .).
The nonlocal exciton dielectric polarization P in quan-
tum wells depends on the growth-direction coordinate z
P (q, z) = Φ(z)
∑
ν
d∗ν(q)Cν(q). (9)
Here summation is performed over four exciton states
ν = (e, s;h,m), s,m = ±1/2, and Φ(z) is the envelope
function of the exciton size quantization at coinciding
coordinates of electron and hole [9]. The coefficients Cν
satisfy the equation
[(~ω0 − ~ω − iΓ)δνν′ +Hνν′(q)]Cν′
=
∫
dz′Φ∗(z′)E(z′) · dν(q). (10)
Here ω0 and Γ are the heavy-hole resonant frequency and
linewidth, Hˆ is the contribution to the exciton Hamilto-
nian caused by the spin-orbit interaction, and E(z) is
the total electric field. The first order in the spin-orbit
interaction correction to the polarization describing the
magnetogyrotropy is given by
δP (q, z) = − Λ0Φ(z)
(~ω0 − ~ω − iΓ)2
∑
νν′
d∗νHνν′(dν′ ·E0).
(11)
Here Λ0 =
∫
dzΦ∗(z) exp (iqzz), and we neglect radiative
renormalizations of ω0 and Γ.
We account for BIA via the k-linear spin-orbit split-
ting of the conduction- and valence band states. As a
result the total spin-orbit Hamiltonian is a sum of the
electron and hole terms which have the following forms
in the basis e1 ↑, e1 ↓ of the electron states and |h, 1/2〉,
|h,−1/2〉 of the hole states [10, 11]:
H = He+Hh, He,h = βe,h(σe,hx ke,hx −σe,hy ke,hy ). (12)
Here x ‖ [100], y ‖ [010], ke,h are the electron and
hole wavevectors in the QW plane, and βe,h are the two-
dimensional Dresselhaus constants. Using Eqs. (7), (11)
and (12) we obtain the magnetogyrotropic contributions
to the nonlocal susceptibility χˆ defined as δP (z) =∫
dz′χˆ(z, z′)E(z′) in the form of Eqs. (1) with
T+ = β˜eG(z, z
′), T− = T = β˜hG(z, z′). (13)
Here we used the relation between the wavevectors of
exciton and carriers ke,h = q‖me,h/(me+mh) and intro-
duced the constants
β˜e,h = βe,h
me,h
me +mh
, (14)
where mh and me are the heavy-hole mass in the QW
plane and the electron effective mass, respectively. The
function G(z, z′) describes a nonlocality of the QW exci-
ton optical response:
G(z, z′) = −4ζ Φ(z)Φ
∗(z′)|d⊥|2
(~ω0 − ~ω − iΓ)2 . (15)
Solving the problem of light reflection from the QW in
vicinity of the exciton resonance [9], we obtain the mag-
netogyrotropic correction to the Jones reflection matrix.
For the incidence plane (100) (q‖ ‖ [100]) we get[
∆rs rsp
rps ∆rp
]
= 4ζq‖
iΓ0 cos θ
(~ω0 − ~ω − iΓ)2
×
[
(β˜e − β˜h)Bx β˜h cos θBy
β˜h cos θBy (β˜e + β˜h) cos
2 θBx
]
. (16)
Here q‖ = (ω/c) sin θ0, θ0 and θ are the light incidence
angle and the angle of light propagation inside the sam-
ple, respectively, and Γ0 = 2pi~|d⊥|2|Λ20|q/εb is the Xhh
oscillator strength for normal incidence with εb being the
background dielectric constant of the QW material.
In the 〈110〉 axes, x′ ‖ [11¯0], y′ ‖ [110], the BIA spin-
orbit interaction (12) has the form
HSO = βe(σex′key′ + σey′kex′) + βh(σhx′khy′ + σhy′khx′). (17)
Calculation for the incidence plane (110) when q‖ ‖ [110]
yields [
∆rs rsp
rps ∆rp
]
= 4ζq‖
iΓ0 cos θ
(~ω0 − ~ω − iΓ)2
×
[
(β˜e + β˜h)By′ −β˜h cos θBx′
−β˜h cos θBx′ (β˜e − β˜h) cos2 θBy′
]
. (18)
In this coordinate system, the reflection plane (110) ex-
ists. The corresponding reflection keeps the combination
qx′By′ invariant and, hence, it can be present in ∆rs and
∆rp. The combination qx′Bx′ changes its sign under the
reflection in the (110) plane, and this allows for the cor-
responding term in rsp = rps because, at this reflection,
the s and p components of the electric field are odd and
even, respectively.
5IV. DISCUSSION
The derived expressions demonstrate that the geom-
etry q‖ ‖ B‖ ‖ 〈100〉 is suitable for observation of
∆rs and ∆rp caused by BIA, while in the geometry
q‖ ‖ B‖ ‖ 〈110〉 the polarization conversion coefficient
rsp = rps induced by BIA can be measured. The exper-
imental configuration used in the present work, Fig. 1,
q‖ ‖ B, allows for maximal corrections to the reflection
coefficients ∆rs and ∆rp. In addition, these corrections
have the resonant behavior ∝ (ω0 − ω − iΓ/~)−2 at the
Xhh frequency. This is clearly seen in the experimental
data, Figs. 2 and 4.
The derived Eqs. (16), (18) yield the following esti-
mation for the magnetogyrotropic corrections: ∆rs,p ∼
(βqΓ0/Γ
2)(a/lB)
2, where a is the QW width and lB
is the magnetic length. For q = 2.5 × 104 cm−1,
β = 140 meV A˚ [11], Γ = 1 meV, Γ0 = 0.1 meV and
a = 100 A˚, we obtain ∆rs,p ∼ 10−3B T −1. This value
agrees in the order of magnitude with the experimental
data for both GaAs and CdTe based QWs, Figs. 3 and 5.
We have also estimated other magnetogyrotropic con-
tributions caused by BIA. Account for k-odd terms in
the bulk valence-band Hamiltonian as well as the inter-
face inversion asymmetry terms also results in magneto-
gyrotropy due to admixture of the ∓1/2 states to the
±3/2 states. However the corresponding contribution
to the reflection has an order γvq/(∆Elhl
2
B) where γv is
the valence-band cubic in k spin-orbit splitting constant
and ∆Elh ∼ 10 meV is the energy splitting between the
size-quantized heavy- and light-hole levels. This value at
B = 1 T has an order of 10−5 which is two orders of mag-
nitude smaller than the contributions (16), (18). There-
fore we see that the BIA-induced spin-orbit splitting of
the electron and hole states in QWs gives the dominant
contribution to the magnetogyrotropic corrections to the
reflection coefficients.
The ratio of the corrections for p and s polarized inci-
dent light according to Eq. (16) is given by
∣∣∣∣∆rp∆rs
∣∣∣∣ = cos2 θ
∣∣∣∣∣ β˜e + β˜hβ˜e − β˜h
∣∣∣∣∣ . (19)
In the experiment, the signal for p polarization is about
twice stronger for both samples, see Figs. 3 and 5. Since
cos2 θ ≈ 1 and me ≈ mh, the ratio agrees with the exper-
iment at coinciding signs of βe and βh and at βh ≈ 3βe.
V. CONCLUSION
From magnetoreflection experiments in vicinity of ex-
citon resonances we registered and analysed the magne-
togyrotropic terms in the optical response of II-VI and
II-V semiconductor QWs. We demonstrate that the q‖-
and B‖-linear contribution to the reflection has an order
of 0.1 % in both QWs under study. The developed theory
accounting for BIA spin-orbit splittings of electron and
hole states in QWs agrees with the experimental find-
ings. Comparison of the theory with experimental data
allowed for determination of the ratio of the electron and
heavy-hole BIA spin-splitting constants.
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